Purpose: Combination of biological therapy and chemotherapy improves the survival of patients with metastatic colorectal cancer (mCRC). However, the optimal biological therapy sequence remains unclear. In this retrospective study, we evaluated the clinical outcomes of patients with mCRC treated with different sequences of biological therapies as first-and third-line therapy. Methods: We only included patients with wild-type KRAS exon 2 mCRC who had received cetuximab, bevacizumab, and standard chemotherapy. The patients were treated with cetuximab or bevacizumab as first-or third-line therapy combined with a similar chemotherapy backbone. Results: In total, 102 patients were included. Forty-six patients received first-line cetuximab therapy followed by third-line bevacizumab therapy (cetuximab → bevacizumab group) and 56 patients received first-line bevacizumab therapy followed Conclusions: Our study demonstrated that first-line cetuximab therapy followed by third-line bevacizumab therapy was associated with favorable clinical outcomes as compared to the reverse sequence.
| INTRODUCTION
Colorectal cancer (CRC) is one of the most common cancer types and is a leading cause of cancer death worldwide. 1 Despite improvements in therapies (including drugs and surgery), half of CRC patients still develop metastatic disease, which is a major cause of death and contributor to the low 5-year survival rate. 2 Recent advances in therapy for metastatic CRC (mCRC), such as the addition to standard chemotherapy of biological therapies targeting angiogenesis or proliferation pathways, have increased the overall survival (OS) of patients with mCRC to 24-30 months and beyond. [3] [4] [5] [6] [7] Combination treatment with cytotoxic chemotherapy agents (5-fluorouracil [FU] , oxaliplatin, and irinotecan) and targeted therapies (anti-epidermal growth factor receptor [EGFR; panitumumab and cetuximab] and anti-vascular endothelial growth factor [VEGF; bevacizumab] monoclonal antibodies) has been the standard therapy for mCRC. Anti-VEGF antibody as first-line therapy, second-line therapy, or therapy beyond progression has been shown to improve the survival of patients with mCRC. [8] [9] [10] [11] [12] Anti-EGFR antibody as first-or third-line therapy has also been reported to improve survival. [13] [14] [15] Although different sequences of these biological therapies can be provided to patients, the optimal sequence remains unknown. A phase III study (FIRE3 study) revealed that, in patients with wild-type KRAS exon 2 or RAS mCRC, the combination of anti-EGFR antibody (cetuximab) with chemotherapy as first-line treatment provided higher OS than the combination of bevacizumab with chemotherapy. 5 Another phase II study in which another anti-EGFR antibody (panitumumab) was combined with chemotherapy showed similar results. 6 Furthermore, subgroup analysis suggested that the OS improvement resulting from first-line anti-EGFR therapy may be the impact of subsequent later-line therapies and the sequence of targeted therapies. 16, 17 Several retrospective studies have also indicated that cetuximab ( after bevacizumab failure may decrease the efficacy of cetuximab. [18] [19] [20] However, a phase III trial (the CALGB study) comparing cetuximabbased first-line regimens with bevacizumab-based first-line regimens showed contradictory results; that is, no differences were observed in OS or progression-free survival (PFS) between the two regimens. 21 The imbalance and diversity of later-line therapy in the FIRE3 study are critical issues that affect OS, instead of the therapy sequence. 22, 23 In this retrospective study, to determine whether the therapy sequence affects OS, we enrolled patients with wild-type KRAS exon 2 mCRC who had received cetuximab, bevacizumab, and three cytotoxic chemotherapy agents. This study evaluated the effects of different sequences of biological therapy on the clinical outcomes of patients with wild-type KRAS exon 2 mCRC under a similar and balanced chemotherapy backbone setting.
| MATERIALS AND METHODS

| Study population
We retrospectively reviewed the medical records of patients diagnosed with mCRC at the Chang Gung Memorial Hospital in Linkou, Taiwan, between July 2012 and December 2016. Patients were included if they had: (a) histologically proven colorectal adenocarcinoma; (b) undergone anti-VEGF therapy (bevacizumab), anti-EGFR therapy (cetuximab), and treatment with three chemotherapy drugs (5-FU, oxaliplatin, and irinotecan); (c) wild-type KRAS exon 2 mCRC; and (d) measurable lesions before starting therapy. This study was approved by the Chang Gung Memorial Hospital Institutional Review Board (IRB 201601421B0) and was performed in accordance with the Declaration of Helsinki. The requirement for informed consent was waived for this study.
| Therapy and clinical characteristics
Demographic and clinical characteristics were obtained through a review of the patients' medical records. These characteristics included gender, age, tumor histological grade, primary tumor location, metastatic site and organ, stage, performance status, therapy record (including drug and surgery), and clinical outcome.
In Taiwan, according to the National Health Insurance program, biological therapy (bevacizumab or cetuximab) should be combined with irinotecan-based chemotherapy. Therefore, in this study, the chemotherapy backbone was irinotecan-based or oxaliplatin-based, and the sequence of therapy was irinotecan-based therapy as first-line therapy followed by oxaliplatin-and irinotecan-based therapy as second-line and third-line therapies. Regarding the biological therapy sequence, all patients received either first-line cetuximab therapy followed by third-line bevacizumab therapy or first-line bevacizumab therapy followed by third-line cetuximab therapy. 25 and irinotecan only. 26 The oxaliplatin-based regimen included oxaliplatin and infusional 5-FU with leucovorin (mFOLFOX6) (leucovorin 400 mg/m 2 iv over 2 hours before 5-FU on day 1, 5-FU 400 mg/m 2 iv bolus on day 1 followed by 2400 mg/m 2 iv over 46 hours, and oxaliplatin 85 mg/m 2 iv over 2 hours on day 1 every 2 weeks). 27 None of the patients received biological therapy as second-line therapy.
| Definitions of second-and third-line therapy
Second-line therapy was defined as the administration of any anticancer drug that was not included in the first-line regimen. Third-line therapy was defined as the administration of any anticancer drug that was not included in the second-line regimen.
| Clinical outcome assessment
Responses to therapy were evaluated using computed tomography (CT) based on Response Evaluation Criteria in Solid Tumors (RECIST) criteria (version 1.1). 28 Radiological examination (CT) was performed routinely every 12-16 weeks depending on the respective chemotherapy protocol. The responses included complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). We also calculated the objective response rate (ORR) and disease control rate (DCR). PFS was calculated from the starting date of first-line therapy to disease progression (radiologic or clinical progression) or death from any cause. OS was calculated from the starting date of first-line therapy to death from any cause. PFS after first-line therapy (first-line PFS) was defined as the date of the first application of first-line therapy to disease progression (radiologic or clinical progression) or death from any cause. PFS after second-line therapy (second-line PFS) was defined as the date of the first application of second-line therapy to disease progression (radiologic or clinical progression) or death from any cause. PFS after third-line therapy (third-line PFS) was defined as the date of the first application of third-line therapy to disease progression (radiologic or clinical progression) or death from any cause. Second-line OS was defined as the date of the first application of second-line therapy to death from any cause. Third-line OS was defined as the date of the first application of third-line therapy to death from any cause. PFS, OS, first-line PFS, second-line PFS, third-line PFS, second-line OS, and third-line OS are expressed as medians.
| Statistical analysis
PFS, OS, first-line PFS, second-line PFS, third-line PFS, second-line OS, and third-line OS were estimated using the Kaplan-Meier method and log-rank test. Between-group comparisons of variables (including therapy duration) were performed using the t test, chi-square, or Fisher exact test. Hazard ratios (HRs) were calculated using Cox regression analysis and are presented with their 95% confidence intervals (CIs). All statistical tests were two-sided, and P < 0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism (version 7.0; GraphPad Inc, San Diego, CA) and IBM SPSS software (version 20; SPSS, Chicago, IL).
| RESULTS
| Patient characteristics
This study only included 102 patients with wild-type KRAS exon 2 mCRC, and their characteristics are listed in Table 1 .
Of the 102 patients, 46 received first-line cetuximab/FOLFIRI therapy followed by third-line bevacizumab/irinotecan-based therapy (cetuximab → bevacizumab group), and 56 received first-line bevacizumab/FOLFIRI therapy followed by third-line cetuximab/irinotecan-based therapy (bevacizumab → cetuximab group). All patients received mFOLFOX6 chemotherapy as second-line therapy. Third-line therapy details are listed in Table 2 Forty patients (39%) received FOLFIRI chemotherapy combined with cetuximab or bevacizumab (19 patients with bevacizumab in the cetuximab → bevacizumab group and 21 patients with cetuximab in the bevacizumab → cetuximab group), 39 patients (38%) received IFL chemotherapy combined with cetuximab or bevacizumab (27 patients with bevacizumab in the cetuximab → bevacizumab group and 12 patients with cetuximab in the bevacizumab → cetuximab group), and 23 (23%) received irinotecan combined with cetuximab (all in the bevacizumab → cetuximab group). Baseline characteristics were well-balanced between the two groups. The median age was 56 years. Most patients were synchronous mCRC (71%). The liver was the most frequent metastatic site. Moreover, 44 patients with synchronous mCRC underwent resection of the primary colorectal tumor, and 61 received therapy beyond thirdline therapy. The average follow-up duration was 28.6 months (standard deviation: 11.4 months, range: 8.9-64.3 months).
| Efficacy
The DCRs were comparable between the cetuximab → bevacizumab and bevacizumab → cetuximab groups across different lines of therapy (first-, second-, and third-line therapy: 81% vs 77%, 41% vs 52%, and 57% vs 41%, respectively; Table 3 ). As shown in Table 3 , in the first-line therapy setting, the cetuximab → bevacizumab group showed a higher ORR (70% vs 59%) and metastasectomy rate (19.6% vs 7.1%). The cetuximab → bevacizumab group had a significantly longer duration of third-line therapy than the bevacizumab → cetuximab group (8.8 vs 5.3 months, P = 0.002; Table 3 ).
| Comparison of survival across different lines of therapy
Total OS was higher in the cetuximab → bevacizumab group than in the bevacizumab → cetuximab group (median OS: 30.4 months vs 25.7 months, HR: 0.55, 95% CI: 0.36 to 0.86, P = 0.008, Figure 1D ). The second-line OS and third-line OS were also higher in the cetuximab → bevacizumab group than in the bevacizumab → cetuximab group (second-line OS: 20.6 months vs 14.8 months, HR: 0.53, 95% CI: 0.34 to 0.81, P = 0.004; third-line OS: 12.5 months vs 9.9 months, hazard ratio: 0.54, 95% CI: 0.35 to 0.83, P = 0.005; Figure 1E ,F). Regarding PFS, the cetuximab → bevacizumab group had a higher third-line PFS than the bevacizumab → cetuximab group (8.8 months vs 4.5 months, HR: 0.43, 95% CI: 0.25 to 0.58, P < 0.0001; Figure 1C ). However, there were no significant differences between the two groups in first-line PFS or second-line PFS ( Figure 1A ,B).
| Subgroup analysis of OS and third-line OS/PFS
In the third-line therapy setting, among patients with CR, PR, or SD, patients in the cetuximab → bevacizumab group had a higher OS and PFS than those in the bevacizumab → Figure 2A ,2). There was no significant difference in survival between the two groups among patients with PD ( Figure 2B,D) . In subgroup analysis of OS, in most subpopulations, the biological therapy sequence of cetuximab → bevacizumab resulted in higher survival, which was similar to what we observed in the entire population ( Figure 3 ).
| DISCUSSION
We performed this study to compare the clinical outcomes of patients with wild-type KRAS exon 2 mCRC who received 
T A B L E 3 Efficacy and duration of different line therapy
two targeted therapies (ie, anti-EGFR and anti-VEGF antibodies) and standard chemotherapy (with three chemotherapy drugs) based on the sequence of biological therapy. The results demonstrated that administration of anti-EGFR antibody before anti-VEGF antibody improved OS compared with administration of anti-VEGF antibody before anti-EGFR antibody. They also showed that the survival benefit from third-line biological therapy contributed to improved OS. This is the first study to demonstrate that the sequence of anti-EGFR/anti-VEGF antibodies as first-and third-line therapy may determine the OS and affect the clinical outcome of third-line biological therapy in patients with wild-type KRAS exon 2 mCRC. In this study, the cetuximab → bevacizumab group had higher OS than the bevacizumab → cetuximab group. Favorable OS was also seen in the cetuximab → bevacizumab group in most subgroups, and OS was statistically higher in patients aged <56 years, women, and patients with tumors in the left colon, low histologic grade cancer, or metachronous cancer. The cetuximab → bevacizumab group also had longer OS than the bevacizumab → cetuximab group among patients with right-sided tumors with marginal significance (HR: 95% CI:, P = 0.061), which is contradictory to the relationship between sidedness and EGFR first-line treatment efficacy elucidated in several randomized trials. 29 This might be attributable to selection bias in our study, in that patients with right-sided colon tumors that had higher survival received all three cytotoxic chemotherapy drugs and two biological drugs (anti-EGFR/ anti-VEGF antibodies) across three lines of therapy, which is uncommon in patients with right-sided colon tumors in large randomized studies. 29 In the patients who received postprogression therapy, the cetuximab → bevacizumab sequence resulted in longer OS. Similar to the FIRE-3 trial, 5 the patients receiving cetuximab as first-line therapy had higher response and metastasectomy rates. In this study, approximately 20% of the patients demonstrated an objective response to third-line biological therapy, which is comparable to the proportions reported in previous studies of third-line therapy. 13, 30, 31 The OS was higher in the cetuximab → bevacizumab group than in the bevacizumab → cetuximab group across different lines of therapy. However, only third-line PFS was better in the cetuximab → bevacizumab group. This result suggests that the selection of cetuximab (anti-EGFR therapy) as first-line therapy in combination with chemotherapy for mCRC is associated with increased survival of third-line bevacizumab therapy. The efficacy of third-line therapy, including the DCR and ORR, were similar between the two groups. However, the duration of SD after third-line therapy was significantly longer in the cetuximab → bevacizumab group (8.78 vs 5.16 months, P = 0.002), which might lead to Extended RAS (KRAS and NRAS, exons 2-4) analysis has been performed in clinical practice since November 2015. In our cohort, KRAS exon 2 analysis was performed in all patients (102 patients) and extended RAS analysis in only about a third of patients (32 patients). Moreover, the RAS result may not represent our true RAS result because of the small sample size.
Similar to our study, the Prodige 18 study 32 and several retrospective studies 18, 19 have also demonstrated that prior bevacizumab therapy decreases the efficacy of subsequent cetuximab therapy. Although Modest et al reported that the application of anti-EGFR therapy as first-line therapy may represent a favorable condition for promoting the effectiveness of subsequent antiangiogenic agents, 16 the diversity of second-line therapy and imbalance of later-line regimens contributed to the uncertainness of this result. In this study, we reduced the imbalance of subsequent therapy; hence, it was clear that first-line cetuximab therapy affected later-line bevacizumab therapy and increased OS in patients with wild-type KRAS exon 2 mCRC. Preclinical studies in animal models and cancer cell lines have shown that after resistance to EGFR inhibitors was developed, constitutively high expression of VEGF, vascular endothelial growth factor receptor-1(VEGFR-1), and placental growth factor (PlGF) were noted, and inhibition of the VEGF pathway by VEGF inhibitor treatment was shown to be effective. [33] [34] [35] [36] In contrast, after bevacizumab pretreatment, hypoxia was induced in cancer cell lines, and subsequent EGFR-independent RAS activation rendered the cells less sensitive to subsequent EGFR blockade. 18, [37] [38] [39] [40] These phenomena might explain this study results; bevacizumab as third-line therapy leads to prolonged duration of SD because this therapy alters the tumor microenvironment through the inhibition of VEGF/VEGFR. Conversely, cetuximab as third-line therapy contributes to shorter duration of SD because of EGFR-independent RAS signal activation.
The results of this study may affect patients with initially unresectable mCRC, who may receive all three cytotoxic chemotherapy drugs and two biological therapy drugs (anti-EGFR/anti-VEGF antibodies) across three lines of therapy in a palliative therapy setting. For this group, our data could help optimize the biological sequence in clinical practice, such that the sequence of anti-EGFR antibody followed by anti-VEGF antibody leads to better OS and clinical outcome from later-line biological therapy.
This study results indicate that, in addition to chemotherapy with various drugs, selecting the optimal biological therapy sequence is important for improving clinical outcomes in palliative drug therapy for mCRC. However, there were several limitations of our study, including the small sample size, retrospective single-institution nature, lack of more extended RAS test in all of the patients, and selection bias of therapy, which depended on the physician's decision in clinical practice. Further validation with prospective multicenter studies is required. The ongoing GERCOR STRATEGIC-1 study, which is an international, open-label, randomized, multicenter phase III trial, is designed to give global information on the therapeutic sequences in patients with unresectable RAS wild-type mCRC and is likely to have a significant impact on the management of this patient population.
| CONCLUSION
This study demonstrated that administration of anti-EGFR antibody followed by anti-VEGF antibody was associated with better OS and clinical outcomes of biological therapy in later lines than administration of anti-VEGF antibody followed by anti-EGFR antibody. It provided the information how to optimize the biological sequence in clinical practice.
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